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Abstract: Highly concentrated biopolymers are used in
food extrusion processing. It is well known that rheo-
logical properties of biopolymers influence considerably
both process conditions andproduct properties. Therefore,
characterization of rheological properties under extrusion-
relevant conditions is crucial to process and product de-
sign. Since conventional rheologicalmethods are still lack-
ing for this purpose, a novel approach is presented. A
closed cavity rheometer known in the rubber industry was
used to systematically characterize a highly concentrated
soy protein, a very relevant protein in extruded meat ana-
logues. Rheological properties were first determined and
discussed in the linear viscoelastic range (SAOS). Rheo-
logical analysis was then carried out in the non-linear
viscoelastic range (LAOS), as high deformations in extru-
sion demand for measurements at process-relevant high
strains. The protein showed gel behavior in the linear
range, while liquid behavior was observed in the non-
linear range. An expected increase in elasticity through ad-
dition ofmethylcellulosewas detected. Themeasurements
in the non-linear range reveal significant changes of ma-
terial behavior with increasing strain. As another tool for
rheological characterization, a stress relaxation test was
carried out which confirmed the increase of elastic behav-
ior after methylcellulose addition.
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1 Introduction
Extrusion processing is used to produce a wide variety of
food products, such as pasta, cereals or meat analogues.
In the extruder, highly concentrated biopolymers, such
as polysaccharides or proteins, are plasticized, mixed,
heated, sheared and pushed through a die to achieve the
desired product properties and functionalities [1–3]. Dur-
ing this process, the biopolymers are subject to tempera-
tures of up to 200∘C and shear rates of up to 5000 s−1 [4].
It is well known that rheological properties play a cru-
cial role in the process. The shear stresses generated by
screw rotation are influenced by local viscosity and are re-
sponsible for physical and chemical changes, such as dis-
persivemixing andmolecular fragmentation [5, 6]. During
the extrusion of foams (e.g., ready-to-eat cereals), struc-
turing in the extruder die due to expansion is addition-
ally influenced by the elasticity of the material [7–10]. In
the case of protein extrusion to produce meat analogues,
the flow characteristics in the die section are expected to
have a large impact on the structuring of these materials,
which again are a strong function of the rheological prop-
erties [11–14].
Knowledge of the rheological properties thus helps
understand the process and control the product proper-
ties [1, 15]. Accurate rheological data input is also indis-
pensable for analysis of the flow characteristics using nu-
merical methods (CFD) [16–19].
However, characterization of extrusion-relevant rhe-
ological properties of biopolymers remains challenging.
Rheological methodsmust cope with very high torque due
to the high matrix viscosity and water loss due to evap-
oration when measurements are carried out at extrusion-
relevant temperatures (>100∘C). Many biopolymers, es-
pecially native proteins, are highly reactive, which also
makes measurements challenging at elevated tempera-
tures. Moreover, highly concentrated biopolymers possess
complex rheological properties, as a result there is a need
to analyze not only viscous, but also elastic properties. Ad-
ditionally, the biopolymers experience low to very large de-
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formations in extrusion processing depending on the con-
ditions (e.g., screw speed and geometry) and location of
thematerial (i.e., screw section versus die section). Accord-
ingly, rheologicalmeasurements in both the linear and the
non-linear viscoelastic range are necessary to gain a better
understanding of the rheological behavior of biopolymers
during extrusion processing.
Despite these challenges, there is vast amount of re-
search dealing with rheological measurements of highly
concentrated biopolymers. Most of them focus on using
conventional rotatory plate-plate or plate-cone rheometry.
The material is fixed between the two plates, of which one
is moving, either in continuous or oscillatory rotational
manner, and the resultingmaterial response is determined.
This method has been used extensively for the investiga-
tion of bread and gluten doughs [20–28]. Most of the work
was performed at ambient temperatures (around 25∘C),
while investigating both viscous and elastic properties in
the linear viscoelastic range. More recently, analysis was
carried out in the non-linear range [29, 30], which is more
relevant to processes where high deformations take place.
Besides bread and gluten doughs, conventional rotatory
rheometers have also been used for predicting the rheolog-
ical behavior of soy-based dough (either soy flours or soy
protein isolates) in extrusion processing [31–33].
With these rotatory rheometers, measurements at tem-
peratures relevant to extrusion remain challenging due to
water loss. Below 100∘C, this can be prevented by appli-
cation of water-impermeable materials, such as silicone
oil, on the free surfaces. Above 100∘C, pressurized vessels
have to be used to prevent water evaporation [21].
Furthermore, wall slip remains an issue for these ma-
terials due to the low normal forces applied by the plates
to the material. This can be prevented by gluing the mate-
rial to the device surface [26] or by application of a rugged
surface in the form of either a sand paper underlay [27]
or a rugged rheometer surface. For highly concentrated
biopolymers (with a very lowwater content), however, the
problem remains, as these biopolymers are initially inpow-
der formandnormal forces of the plates are needed to plas-
ticize them at elevated temperatures.
Another major group of studies was performed using
pressure-driven capillary rheometers. The term “capillary”
originally referred to rheometers of small diameter, while
“tube rheometer” was used for viscometers of higher di-
ameter (6-10 mm) [34]. Hereinafter, all types of pressure-
driven rheometers will be referred to as capillary rheome-
ters.
In a capillary rheometer, flow is produced in the cap-
illary through the application of a pressure difference [34,
35]. The apparent viscosity can then be calculated from the
volume flow, pressure difference, and geometry parame-
ters of the capillary.
Such rheometers were used extensively in extrusion-
related research, either oine or inline, as they allow for
measurements of highly viscous materials at elevated tem-
peratures and pressure without water loss. For example,
highly concentrated soy protein isolate was studied us-
ing oine capillary rheometers [36–41]. Still, the problems
associated with the high reactivity of biopolymers under
these conditions must be considered. To obtain a flow-
able (plasticized) material, biopolymers have to be mixed
with water, then heated, and eventually sheared (espe-
cially starchy matrices) to produce a homogeneous dough.
Shearing can be achieved by a rotating piston, demon-
strated, for example, in the “Rheoplast” device [42]. How-
ever, the additional amount of time spent in the reservoir
of the capillary rheometer must be considered, as even the
shortest treatment times at elevated temperaturesmaydra-
matically change the rheological behavior of the biopoly-
mers. For instance, viscosity of wheat proteinsmay double
within 30 s at 140∘C [43].
This problem can be solved to a certain degree by at-
taching a capillary or slit die to the extruder exit, which
results in a so-called inline capillary rheometer [44]. Here,
the material is characterized directly in the extrusion pro-
cess. These inline rheometers were used extensively for
studying protein-based extrusion [36, 45–51] and starch-
based extrusion [52–58].
But reactivity remains an issue: Depending on the ge-
ometry, it might take up 30 seconds to pass the capillary
device, thus leading to changes in the rheological proper-
ties along the die. Especially in highly reactive protein ex-
trusion, polymerization was found to occur after the die
section [14], i.e., in the inline rheometer between two pres-
sure sensors, and to influence the accuracy and reliability
of results.
Moreover, several assumptions have to be applied in
the use of capillary rheometers, such as Newtonian mate-
rial behavior and no-slip conditions. Highly concentrated
biopolymer materials are non-Newtonian, however, and
require theWeißenberg-Rabinowitsch correction to obtain
true shear rates [35]. To correct end effects that occur in the
flow close to the capillary inlet, Bagley corrections have to
be applied [59]. Occurrence of wall slip is accounted for by
applying a Mooney correction [60].
While the investigation of elastic properties remains
challenging, capillary rheometers are very well suited to
determining viscous properties of materials not prone to
any significant structural changes during measurements.
Among others, the closed cavity rheometer (CCR) is
an alternative method for characterizing highly concen-
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trated biopolymers under extrusion-relevant conditions.
The CCR is well-known in the rubber industry (as Rub-
ber Process Analyzer), but has hardly been used for food
biopolymers so far [61–63]. This devicewas compared thor-
oughlywith other,more conventional dynamic rheometers
and found to give good agreement in the rheological mea-
surements [62].
The CCR combines a closed cavity with high-torque os-
cillatory measurements at very high strains for extended
analysis in the non-linear range [63]. Grooved dies prevent
wall slip of the material, while water evaporation is pre-
vented by the pressurized closed cavity. Normal forces act-
ing on the material facilitate plasticization of biopolymers
and allow physically meaningful measurements. The ma-
terial can be heated and cooled rather quickly; the probe
amount is less than 10 ml / 8 g.
Pommet et al. [64] performed one of the first studies
using a CCR for food biopolymers and investigated the ag-
gregation/degradation behavior of wheat gluten/glycerol
blends at elevated temperature under shear condi-
tions. Further studies by our research group [43, 65–71]
confirmed the applicability of this rheometer to study
the reaction behavior of various protein and protein-
polysaccharide systems under defined extrusion-like con-
ditions. To the best of our knowledge, however, the po-
tentials of this rheometer in characterizing the complex
rheological behavior of highly concentrated biopolymers
have not yet been reported.
The aim of this paper therefore is to obtain an exten-
sive rheological characterization of a highly concentrated
model biopolymer under extrusion-relevant conditions. In
particular, information is to be gained on viscous and elas-
tic properties in both the linear and non-linear range, as
there is a growing demand for such measurements to im-
prove the understanding of the structuring of biopolymers
during extrusion processing.
As amodel biopolymer, soyproteinwas chosen,which
has been used in extruded meat analogues since the
1960s [72] and is still the most important protein for that
purpose. The proteins from soybeans are classified into
four groups, differentiated by their sedimentation con-
stant: 2S, 7S, 11S and 15S [73]. The two major protein frac-
tions are the storageproteins from the 7S (conglycinin) and
11S (glycinin) groups. Their molecular weight ranges from
180 to 350 kDa in the native state. In the process of extract-
ing proteins from soy beans to produce soy protein iso-
late (>90% protein content), several steps are performed
consecutively: crushing of soy beans, extraction of oil us-
ing hexane, addition of alcohol and an acidic precipitation
step [74]. It has been shown that these processing steps can
heavily influence the protein structure, leading to loss of
the protein’s native state [73] and therefore their reactivity.
The protein is investigated at 51.7% moisture con-
tent, which corresponds to typical water contents of high-
moisture extrusion for producing meat analogues.
As the focus also lies on the characterization of elas-
tic properties, a highly elastic biopolymer will be added
(methylcellulose), to findoutwhether thedevice is capable
of determining expected changes in elastic material prop-
erties. Methylcellulose is widely used in the food industry
as a binding and thickening agent, e.g., in current formula-
tions for vegan burger patties [75], due to its ability to form
thermoreversible gels at temperatures above 52∘C [76].
First, the linear and non-linear ranges of the material
are determined with strain sweeps. Second, rheological
properties are investigated in the linear range to obtain
time-dependent viscoelastic behavior data. As a third step,
rheological properties are analyzed in the process-relevant
non-linear range by means of large amplitude oscillatory
shear measurements and analysis (LAOS). These types of
measurements have already been applied to many differ-
ent (food) material systems [29, 77–79]; for details, the au-
thors refer to the work of Hyun et al. [80]. Finally, as a
fourth step, stress relaxation tests are carried out to obtain




Commercial soy protein isolate at 3.5% moisture content
(w/w)was purchased fromSolae (St. Louis,Missouri, USA).
Throughout the paper it will be referred to as “soy protein”.
According to the manufacturer, it’s protein content was
min. 90.0% (w/w). Methylcellulose at 7.0% moisture con-
tent was purchased from Carl Roth (Karlsruhe, Germany).
According to the manufacturer, it has a molecular weight
of ~160 kDa. Throughout the paper, it will be abbreviated
as MC.
Two material mixtures have been prepared: one soy
protein isolate without MC and one with the addition
of 10% MC. These were prepared to a moisture content
of 51.7%. For preparation of the mixtures, the necessary
quantity of water was added to the solid material and
vigorously mixed in a Thermomix (Vorwerk, Wuppertal,
Germany). Before the rheological measurements, samples
were kept in the refrigerator at 8∘C for at least 16 h to guar-
antee equilibrium of hydration. Both mixtures were pre-
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pared in triplicate; all measurements were performed at
least three times per mixture (3×3).
2.2 Methods
2.2.1 Rheological characterization
The rheological characterization of samples was con-
ducted using a closed cavity rheometer (RPA Flex, TA In-
struments). A cross section of the rheometer die design is
shown in Figure 1.
Figure 1: Schematic illustration of the closed cavity rheometer cell
used for rheological characterization.
In this device, the sample is loaded between the two
cones. The experimentswere performed, as the lower cone
was driven by a motor in an oscillatory movement, where
the applied deformation was defined by setting the exci-
tation frequency and shear strain amplitude. The torque
applied from the studied material to the lower cone of the
rheometer was then measured. This way, the strain was
controlled and the stress response of the material under
deformation was recorded and analyzed.
The cavity geometry is bi-conical with an opening
half angle of 3.35∘ to transmit the shear stress on a sam-
ple volume homogenously. Moreover, the cones have large
grooves to prevent slippage. The sample mass was 5.5 g
and constant for all measurements. A fully filled cavity is
necessary for the measurements and is achieved by load-
ing the device with a slight excess of material, which is
pushed outside of themeasurement cavity when the cones
close.
The sample in this apparatus was kept in a sealed cav-
ity whichwas pressurized up to 4500 kPa during the exper-
iment to prevent moisture loss and facilitate protein plas-
ticization. The process of plasticization can be observed
in Figure 2, where the soy protein matrix before and after
measurement in the closed cavity rheometer is shown.
The soy protein isolate mixed with water is a brittle,
powdery matrix. Through the normal forces of the cones,
Figure 2: Soy protein matrix with a moisture content of 51.7% before
(left) and after (right) measurement in the closed cavity rheometer.
homogenous plasticization of the protein takes place. Ex-
cessivematerial, that was pushed outside of the cavity and
was therefore not pressurized, remains brittle and pow-
dery.
In the present setting of the rheometer, the motor was
configured to enable deformation of very highly viscous
materials (application of high forces). Thus, the sensitiv-
ity of the torque sensor was not low enough to be able to
measure materials with moderately high viscosity in a re-
producible manner. Therefore, the temperature of the cav-
ity was chosen to be 60∘C for all measurements, as at this
temperature the viscosity of the samples was high enough
and the measurements were reproducible.
Thermal material stability was checked for both
recipes with time sweeps at 60∘C (results not shown) con-
firming that no changes in the molecular structure (i.e.,
molecular aggregation/degradation) occurred during the
course of one measurement routine.
2.2.2 Strain sweep
Strain sweeps were performed at constant angular fre-
quency of ω = 6.28 rad/s. The strain increased gradually
and logarithmically from 𝛾 = 0.19% to 501%. G′ and G′′
were determined as a function of 𝛾.
2.2.3 Frequency sweep
Frequency sweeps were performed in the linear viscoelas-
tic range (determined from strain sweeps) of both mate-
rials at a constant strain of 𝛾 = 0.98%. The angular fre-
quency increased gradually and logarithmically from 0.87
to 314.16 rad/s. G′, G′′ and η* were determined as a func-
tion of ω.
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2.2.4 LAOS measurements
LAOS measurements were performed at a constant angu-
lar frequency of ω = 6.28 rad/s. In a first step, material was
treated at 𝛾 = 0.98% and ω = 6.28 rad/s for t = 4 min to
reduce inner stresses. In the second step, a strain sweep
was performed. Each strain was applied for 40 cycles (240
cycles in total). The strain increased gradually: 𝛾 = 1, 5,
10, 25, 80, 200%. For data analysis, the MITlaos program
was used, which was developed for the analysis of LAOS
measurements at the Massachusetts Institute of Technol-
ogy (MIT) [79]. The oscillatory data of strain 𝛾 and shear
stress τ of the strain-controlled measurements was used
as input for the program. Only stationary data was used
for analysis to describe the material response precisely.
Normalized shear stress as a function of normalized
strain can be plotted in so-called Lissajous-Bowditch fig-
ures [78]. For this purpose, shear stress τ and deformation
𝛾 were normalized to their maximal values. As a way to
quantify the geometrical features of these figures, the zero
strain modulus, G′M, the large strain modulus, G′L, and the
stiffening ratio, S, were calculated.
2.2.5 Stress relaxation test
The stress relaxation test was performed in two steps. In
the first step, a “recovery” phase, the material was treated
at 𝛾 = 0.98% and ω = 6.28 rad/s for t = 75 sec. This should
level out possible effects which were already acting on
the test material during sample preparation [81]. Subse-
quently, the material was deformed with a strain of 𝛾 =
80% for t = 4 min. The shear stress τ was determined as
a function of the time.
3 Results and Discussion
3.1 Analysis of rheological properties in
strain sweep
Small amplitude oscillatory shear tests (SAOS) are per-
formed in the linear viscoelastic (LVE) range of the mate-
rial. To determine the LVE, a strain sweep is performed. At
a constant frequency and temperature, strains from low
to high are applied to the material and the response is
recorded and evaluated. In Figure 3, a strain sweep of the
model system is depicted. The storage (G′) and loss (G′′)
moduli are plotted as a function of the strain (𝛾).
Figure 3: Strain sweep of the model system (N/H = soy protein, M/O
= soy protein + 10%MC) at ω = 6.28 rad/s.
The LVE range can be defined up to amaximum strain
𝛾L, where G′ remains at a constant value [81]. 𝛾L was visu-
ally determined to be 10% for both model systems. In the
LVE, the elastic behavior dominates over the viscous be-
havior; G′ is around 10 times higher than G′′, which is an
indicator of gel character [81].
This elastic behavior of plasticized soy proteins re-
flects in the often chewy, rubber-like texture of soy-based
meat analogues, but is also obvious in the plasticized ma-
trix in Figure 4.
Figure 4: Elasticity of the plasticized soy protein after measurement,
visualized by manual deformation. The deformation is completely
reversible.
The flow point (G′ = G′′) is reached at 𝛾F = 300%. At
higher strain, the viscous behavior dominates and the sam-
ple behaves as a liquid.
A strain of 300% and frequency of 6.28 rad/s equal a
maximum shear rate of 18.85 s−1, which is easily reached
in the screw section of an extruder [4], whereas the lower
shear rates can be found in the die section, demonstrating
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Figure 5:Microscopic images of a 40 µm – slice from an extruded soy protein – MC matrix (TMaterial = 125∘C, n = 250 rpm). Images taken
with (left) and without (right) polarization filter in a conventional light microscope.
the necessity of the measurements in both linear and non-
linear region.
The loss modulus G′′ first increases, then decreases
with increasing strain, showing a peak at 𝛾 = 20%. This be-
havior has been described as “weak strain overshoot” [82]
and can be an indicator for the occurrence of micro cracks
in thematrix with increasing strain, leading to an increase
of internal friction and therefore of G′′, while the overall
structure remains unchanged (constant G′). Then, reach-
ing the critical strain, amacro crack appears leading to the
overall structure loss and decrease in both G′ and G′′. Nev-
ertheless, thorough interpretation of this behavior by phys-
ical or chemicalmechanisms remains challenging and, de-
pending on the material, different authors have suggested
different causes of the overshoot behavior.
The addition of MC to the soy protein leads to an in-
crease in G′ of around 30-40% in the LVE. This effect is ex-
pected to be due to the ability of MC to form elastic gels at
temperatures above 52∘C [76].
The formationof a dispersedphase couldbe apossible
explanation for the decrease of G′ by 40% at the highest
strain of 500%; an influence of the dispersed phase mor-
phology on the rheological properties in the non-linear
range has been reported already [83]. If the investigated
material (soy protein + 10% MC) is extruded (TMaterial =
125∘C, n = 250 rpm), a dispersed phase is formed. This is
depicted in Figure 5.
MC is known to form (partially) crystalline structures,
and ordered structures appear green if polarization filters
are used. The green dispersed phase is therefore expected
to consist of MC; also, extrudates without MC do not show
this green phase. Although these structures were obtained
from a material after extrusion at high temperatures, it is
assumed that a dispersed phase is formed at the tempera-
ture of rheological analysis as well. However, for this ma-
terial system, the interpretation of precise correlations is
speculative and should be further investigated.
3.2 Analysis of rheological properties in the
linear range
To investigate the time-dependent behavior of thematerial,
frequency sweeps are performed. These tests were carried
out in the LVE range, with an amplitude of 𝛾 = 0.98%. The
frequency sweep of the model system is depicted in Fig-
ure 6.
Similar trends as in the strain sweeps are visible in the
viscoelastic moduli. G′ is always higher than G′′ by an or-
der of magnitude, indicating a gel-like behavior for both
material systems. The almost frequency-independent, par-
allel lines of G′ and G′′ also indicate gel-like interactions
between the proteins [84]. Time sweeps have shown no re-
activity in the system, therefore crosslinking through cova-
lent interactions such as disulphide bonds cannot be the
explanation. Non-covalent interactions and polymer en-
tanglements (due to the high concentration) are expected
to cause the interactions between proteins.
The addition of MC leads to an increase of G′, while
G′′ remains unchanged, showing the same trend as in the
strain sweep: elastic behavior increases.
Complex viscosity η* decreases with increasing fre-
quency. Analogue correlations between the viscosity η and
the shear rate ?̇? have been reported for concentrated soy
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Figure 6: Frequency sweep of the model system (N/H/• = soy pro-
tein, M/O/∘ = soy protein +10%MC) at 𝛾 = 0.98%. The solid lines
represent power-law fits of the complex viscosity.
protein isolate in earlier work [31, 37, 38, 85] with conven-
tional rotatory and capillary rheometers.
The viscosity data can be fitted with the Power-Law
model [86]:
η* (ω) = K · ωn ,
where K is the consistency coefficient with the unit Pa·sn
and n the flow behavior index (dimensionless). This gives
the values shown in Table 1.
Table 1: Values of the power-law fit for complex viscosity of soy
protein and soy protein with 10%methylcellulose. R2 > 0.999 for
both fits.
Soy Protein Soy Protein with 10%MC
K [Pa·sn] 150621 203748
n [-] −0.885 −0.904
The values of the flow behavior index n are compara-
ble to those of Chen et al. [45], who reported a value of
−0.873 for an extruded soy dough. The values close to −1
imply a relatively high dependence between deformation
and viscosity.
3.3 Analysis of rheological properties in the
non-linear range (LAOS)
The frequency sweep in Figure 6 was performed in the LVE
range of the material (SAOS), where stress response to the
strain is always linear. In the strain sweep Figure 3, LVE
was determined to end at 𝛾L = 10% for both model sys-
tems. To investigate the rheological behavior outside the
LVE range (nLVE), strain sweeps at ω = 6.28 rad/s for de-
formations 𝛾 = 1, 5, 10, 25, 80, 200% were performed. For
better visibility, only the corresponding elastic Lissajous-
Bowditch plots [78] of the material responses for 𝛾 = 5, 25,
80, 200% are depicted in Figure 7.
At the lowest deformation of 5%, which is, according
to the strain sweep, still in the linear range for both mate-
rial systems, the plots are elliptical and smooth, indicating
linearmaterial response. The elliptical, smooth shape indi-
cates that the material is viscoelastic, and elastic behavior
dominates in the linear range.
At higher deformations of 𝛾 > 25%, the plot shape
changes; it becomes less elliptical and the surface area in-
creases, indicating an increase in viscous behavior. The
rate of dissipated energy increases [78]. With further in-
creasing deformation (𝛾 = 80, 200%), the shape becomes
more distorted. This distortion is an indicator for the occur-
rence of higher harmonics in the material response [87].
Comparing the plots of both model systems at 𝛾 =
200%, it can be seen that both surface area and distortion
increase with the addition of MC. The surface area can be
related with an increase in viscous behavior, while the in-
crease of distortion indicates that MC addition leads to an
increase in non-linearities in the material response.
To further characterize the rheological properties in
the non-linear regime, new measures have been intro-
duced [79]. The linear elastic modulus G′(ω) is not suffi-
cient to describe elastic behavior for a non-linear mate-
rial response. Therefore, the zero strain modulus G′M and
the large strainmodulus G′L are introduced. These parame-
ters can give additional physical insights when analyzing
a non-linear signal and also have a geometrical representa-
tion in the Lissajous-Bowditch figures. In the linear range,
it is G′L = G′M = G′, whereas in the non-linear range, higher
harmonics appear and therefore the moduli are not equal:
G′L ≠ G′M = ̸ G′.
The zero strain modulus G′M describes the behavior in-
side one strain cycle at the deformation of 𝛾 = 0%, using
the slope of the Lissajous-Bowditch Plot at zero-crossing
as thedescribing value.G′M is plottedas a functionof strain
in Figure 8.
For small strains up to 5-10%, G′M remains almost con-
stant. Same behavior can be seen in the strain sweep (Fig-
ure 3), where G′ and G′′ also remain constant at small
strains. With further increasing strain, the modulus de-
creases. This is an indicator for the so-called “overall
strain softening”, which is typical for biopolymers. With
increasing deformation, the polymer chains of the soy
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Figure 7: Lissajous-Bowditch Plots of the elastic part of material response from soy protein (a) and soy protein with 10%MC (b) at deforma-
tions of 𝛾 = 5, 25, 80 and 200%. Exemplary raw data is given in the appendix.
Figure 8: Zero Strain Modulus G′M as a function of strain 𝛾 for soy
protein (filled squares) and soy protein +10%MC (empty squares).
protein experience reorientation/arrangement, while no
break-up of intramolecular bonds takes place [88].
To describe local (inside one strain cycle) changes of





where G′L is the large strain modulus, that describes the
slope of a line between the zero point and the point ofmax-
imum strain 𝛾max in a Lissajous-Bowditch plot. In the lin-
Figure 9: Stiffening ratio S as a function of strain 𝛾 for soy protein
(filled squares) and soy protein +10%MC (empty squares).
ear range, it is G′L =G′M =G′, and therefore S =0. In Figure 9,
the stiffening ratio S is plotted as a function of strain.
For small strains, the value of the stiffening ratio is
close to zero. With increasing strain, the stiffening ratio
increases. This behavior is described as intracycle stiffen-
ing [89]. Through the deformation during one strain cy-
cle, entanglement of the polymer chains can occur, which
leads to a short-term stiffening of the material’s structure
and the increase of the stiffening ratio S. This behavior is
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shown in Figure 9. With a further increase of deformation
(higher than 𝛾 = 200%) it can be expected that the stiffen-
ing ratio would decrease again, as thematerial structure is
only capable of resisting certain forces [88]. The addition
of MC leads to an increase of S for all strains.
3.4 Stress relaxation test
Stress relaxation testswere also performed on thematerial.
In a stress relaxation test, a fixed deformation/strain is ap-
plied to the material very quickly and the stress needed to
hold the deformation is recorded. An ideal viscous mate-
rial relaxes instantly, while an ideal elastic material does
not relax at all. A viscoelastic material shows a gradual de-
crease in stress, while the end point depends on themolec-
ular structure of the material.
The results of the relaxation test for a strain of 80%are
depicted in Figure 10. The stress τ is plotted over time.
Figure 10: Stress relaxation test of the model system at 𝛾 = 80%.
Solid line is soy protein, dotted line is soy protein with 10% MC.
After a preparation phase, a sudden, rapid strain of
80% is applied to the material. The gradual decrease of
stress indicates a viscoelastic material response. The max-
imum shear stress τ achieved for SPI is approximately
96 kPa, while with the addition of 10% MC, the stress in-
creases to approximately 110 kPa. The maximum shear
stress can be interpreted as a measure for elasticity, lead-
ing to the conclusion that the addition of MC leads to the
expected increase in elasticity of the system.
4 Conclusion
Rheological properties play a crucial role in extrusion pro-
cessing of highly concentrated biopolymers. Both viscous
and elastic properties have an influence on the process
conditions and product properties. As deformations range
from low to very high in the process, rheological analysis
must be carried out in both linear andnon-linear viscoelas-
tic range. Measurements with a closed cavity rheometer
allowed us to gain extensive information on the process-
relevant rheological properties of a model biopolymer, i.e.,
soy protein. The normal forces acting on the protein in the
cavity facilitated protein plasticization, an indispensable
requirement for physicallymeaningfulmeasurements and
not achievable with alternative, conventional rheometers.
In the linear range, G′ showed higher values than G′′ by an
order of a magnitude, indicating gel-like behavior. Liquid-
like behavior (G′′ > G′) was achieved at 𝛾 = 300% (which
corresponds to a shear rate of 18.85 s−1), indicating the
importance of analyzing the process-relevant rheological
properties in the non-linear viscoelastic range. The cur-
vatures of G′ and G′′ can be classified as “weak strain
overshoot”, showing resistance of polymer chains against
small deformations. The frequency sweep revealed a high
dependence of the complex viscosity from the frequency.
In the non-linear range, LAOS measurements were con-
ducted and analyzed. Increasing strain led to an increase
in elliptical distortion and viscous dissipation. The stiffen-
ing ratio increased with increasing strain, indicating intra-
cycle stiffening. The stress relaxation tests showed the vis-
coelastic behavior of thematerial. In allmeasurements, ad-
dition of MC led to the expected increase of elastic prop-
erties of the material. Furthermore, the addition of MC re-
sulted in changes of the rheological behavior in the non-
linear range, i.e., higher distortion and viscous dissipa-
tion.
Themeasurement procedure provided an extensive in-
sight into the rheological properties of amodel biopolymer
at an extrusion-relevant water content and a temperature
of 60∘C. This specific rheometer setup could also enable fu-
ture studies on rheological characterization at even higher
measurement temperatures, which are common in many
extrusion processes, and of various other biopolymers.
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Appendix
Figure A1: Excerpt of raw data of strain sweeps for soy protein, normalized strain and normalized stress plotted over time.
Figure A2: Excerpt of raw data of strain sweeps for soy protein +10%MC, normalized strain and normalized stress plotted over time.
